We obtained late-time optical and near-IR imaging of SN 2008S with the Large Binocular Telescope (LBT), near-IR data with the Hubble Space Telescope (HST), and mid-IR data with the Spitzer Space Telescope (SST). We find that (1) it is again invisible at optical (UBV R) wavelengths to magnitude limits of approximately 25 mag, (2) while detected in the near-IR (H) at approximately 24.8 mag, it is fading rapidly, and (3) it is still brighter than the progenitor at 3.6 and 4.5µm in the mid-IR with a slow, steady decline. The IR detections in December 2010 are consistent with dust emission at a blackbody temperature of T ≃ 640 K and a total luminosity of L ≃ 200000 L ⊙ , much higher than the L ≃ 40000L ⊙ luminosity of the obscured progenitor star. The local environment also shows no evidence for massive (M > ∼ 10M ⊙ ) stars in the vicinity of the transient, consistent with the progenitor being a massive AGB star.
INTRODUCTION
SN 2008S is one of the most mysterious optical transients created by a massive star in the last decade. It was discovered in February 2008 by Arbour & Boles (2008) in the prolific supernova factory NGC 6946. It was initially classified as a likely "supernova impostor" due to its faint absolute peak magnitude (M V ∼ −13 mag) and optical spectra dominated by narrow Balmer, Ca II triplet, and [Ca II] lines in emission (Stanishev et al. 2008; Steele et al. 2008) . NGC 6946 had been observed by the Large Binocular Telescope (LBT) the previous year, and the key piece of evidence from these observations was that there was no optical progenitor , which was surprising since the "supernova impostors" are believed to be eruptions from very massive (> 20-30 M ⊙ ), evolved stars (e.g., Smith et al. 2010 and references therein) that should have been easily visible in the LBT observations. The only means of having an optical eruption from a massive star and an invisible progenitor is for the star to be selfobscured by dust that is largely destroyed by the transient. This possibility was confirmed when found the progenitor star as a log L/L ⊙ ≃ 4.5, T ≃ 440 K blackbody in archival Spitzer data. This luminosity is comparable to that of an evolved ∼ 10 M ⊙ star, and is well below that corresponding to the more massive stars thought to be required for non-supernova eruptions. Subsequent analyses of the progenitor by Botticella et al. (2009) and Wesson et al. (2010) were consistent with those by .
More remarkably, an almost identical event then occurred in NGC 300 (Monard 2008) . The progenitor was invisible in the optical to even tighter limits (Berger & Soderberg 2008; Bond et al. 2009; Berger et al. 2009 ), but we again found the progenitor as a self-obscured star of similar luminosity and (dust photosphere) temperature in Spitzer mid-IR data ; Thompson et al. 2009) . A subsequent analysis of the progenitor by Berger et al. (2009) agreed with our estimates, and an investigation of the progenitor based on its neighboring stars by Gogarten et al. (2009) was consistent with the progenitor being a massive star of order 10-20 M ⊙ , where the analysis favored the upper portions of this range but, strictly speaking, the method only provides an upper mass bound.
In Thompson et al. (2009) we surveyed the galaxy M33 for mid-IR sources with similar properties to these progenitors and found that they were astonishingly rare, with only a few such sources in the entire galaxy. In the mid-IR, these sources have the properties of super-AGB stars, with properties distinct from other classes of massive stars such as LBVs and red supergiants. The rarity of these sources compared to all massive stars, confirmed in our survey of additional galaxies (Khan et al. 2010) , means that the progenitors of the transients are a very short lived (∼ 10 4 years) phase in the evolution of these massive stars and that there is a causal connection between obscuration and explosion. Thompson et al. (2009) concluded that there are a number of possible mechanisms to explain the nature of these transients and their progenitors: (1) massive white-dwarf birth; (2) electron-capture supernova; (3) intrinsically lowluminosity iron core-collapse supernova; and (4) massive star outbursts. Debates about these possible origins have been raging ever since then, based both on theoretical and observational arguments. They are basically divided into the (some kind of) supernova camp Botticella et al. 2009; Pumo et al. 2009 ) and the (some kind of) massive star outburst camp (Berger et al. 2009; Smith et al. 2009; Bond et al. 2009; Kashi et al. 2010; Humphreys et al. 2011) . The outburst camp generally argues that the progenitor was not a ∼ 10 M ⊙ super-AGB star but a more massive 15 − 20 M ⊙ star (supported by Gogarten et al. 2009 ), despite their position at the red, high luminosity end of the AGB sequence in mid-IR color-magnitude diagrams Khan et al. 2010 ) and the low mass compared to typical stars < 24.9 < 25.9 < 25.6
All the magnitude upper limits are 3σ. The estimated start date of the transient is MJD 54485.5 ± 4 (Botticella et al. 2009 ). B, V and R are Bessel filters, U s is a high throughput U -band interference filter.
with LBV outbursts (see Smith et al. 2010) . The massivestar outburst interpretation is seriously called into question by our Spitzer IRS spectrum of the NGC 300 event , also Kwok 2011 . The mid-IR spectrum resembles that of carbon-rich proto-planetary nebulae and lacks the silicatedominated dust features typical of massive star outbursts (e.g., Humphreys et al. 2006) . Wesson et al. (2010) , analyzing postevent Spitzer observations of SN 2008S, also found that the silicate dust characteristics of high mass stars were inconsistent with the observations. Prieto et al. (2009) also note that proto-planetary nebulae (initial masses < ∼ 8 M ⊙ ) have most of the optical spectral features that led Smith et al. (2009 ), Bond et al. (2009 and Berger et al. (2009) to argue for an outburst from a more massive (∼ 20 M ⊙ ) star. Since "Type IIn" optical spectroscopic properties are seen in some proto-planetary nebulae, massive supergiants, supernova impostors, and the genuine, but very diverse, Type IIn supernovae, they appear only to be a diagnostic for the presence of strong interactions between ejecta and a dense circumstellar medium rather than a diagnostic for the source of the ejecta.
Most recently Kochanek (2011) re-analyzed the available data for SN 2008S and NGC 300-OT and concluded that both transients were of explosive nature. If the transients were not explosive, the energy would not be sufficient to destroy the obscuring dust and make the transients visible in the optical. After the peak of the transient, the dust rapidly reforms from the outside, and the luminosity, which then comes from the shock propagating through the dense wind, is mostly reradiated by that dust in the IR. The model predicts that the peak obscuration is 2-3 years post-transient, when the shock reaches the reformed dust shell and pushes its radius outwards. It should take another 5-10 years (in the case of SN 2008S) before it is possible to see through the dust and determine the fate of the progenitor star. Here we report the data on SN 2008S used in this analysis. We have been following the SN 2008S event with the LBT in both the optical and near-IR, with HST in the near-IR, and with SST in the mid-IR. Here we report that the source is again too faint to detect in the optical, marginally detected in near-IR HST images (see Fig. 1 ), and still bright in the mid-IR. It is presently much more luminous than the progenitor and slowly fading. We describe our observations and results in §2 and discuss their implications in §3.
OBSERVATIONS AND RESULTS
The optical observations were done with the Large Binocular Cameras (LBC, Giallongo et al. 2008) , using the LBC/Blue camera for U, B and V and the LBC/Red camera for R. The pixel scale of the LBC cameras is 0.
′′ 224. Since these observations are part of a program whose overall goal is to use difference imaging to characterize variable sources, the sub-images obtained for each epoch were not dithered and SN 2008S was always located at approximately the same point on Chip 2 of the cameras. Image exposure times were 300 sec, generally with two exposures for U, B and V and 6 exposures for R. The near-IR observations were made with LUCIFER (Seifert et al. 2003; Mandel et al. 2008; Ageorges et al. 2010) in the H and K bands using the F3.75 camera with a pixel scale of 0.
′′ 12. At each dither position we obtained 3 exposures of 33 (10) The optical and near-IR LBT data were reduced using standard methods in IRAF. The photometry was obtained using DAOPHOT and ALLSTAR (Stetson 1987; Stetson 1992) . The optical data was calibrated using 4 − 24 local standards from Welch et al. (2007) for the V and R bands and from Botticella et al. (2009) for the U and B bands. The near-IR LBT data were calibrated using 3 − 6 2MASS stars in the field. In both cases we only applied a zero-point offset to convert the instrumental magnitudes into the standard system. The photometry on the HST near-IR data was made with the DOLPHOT package (Dolphin 2000) utilizing the WFC3 module which provides specific PSFs and pixel area maps and automatically applies all the necessary corrections. For the mid-IR SST data, we used aperture photometry with an aperture radius 4 pixels (2.
′′ 4) and a background annulus 4-12 pix- Table 1 ) is used as an upper limit on the right panel.
els. We applied the aperture corrections of 1.213 for [3.6] and 1.234 for [4.5]µm provided in the SST IRAC Instrument Handbook.
8 The multi-wavelength results are presented in Table 1 , where the magnitude errors include the uncertainties both in the measurements and in the zero points. In the cases where we do not detect SN 2008S, we place a 3σ upper limit on the magnitude using the standard deviation of the sky in a region around the source. Figure 2 shows the H, K and R-band light curves from Botticella et al. (2009) and our LBT observations, as well as the H-band HST and [3.6]/[4.5]µm SST data points. The SN is not detected in the HST J-band and we do not plot the limits for clarity. For the same reason we do not plot the most recent R-band LBT limits. Figure 3 shows the progenitor and current (as of December 2010) spectral energy distributions (SED). The left panel of Fig. 3 shows the constraints on the progenitor's SED as compared to typical massive stars. To make the comparison we used a Galactic plus intrinsic extinction of A V = 2.13 mag (Botticella et al. 2009 ) and the distance of D = 5.6 Mpc adopted by . The data points are converted to a luminosity as L = 4πD 2 νF ν . For comparison we show the extincted SEDs of 10 M ⊙ and 20 M ⊙ red supergiants (RSG) using luminosities and effective temperatures from Marigo et al. (2008) , a 20 M ⊙ blue supergiant (BSG) modeled on SN1987A, and the blackbody that best fit the SN 2008S progenitor data (solid line).
In the optical (UBV R), the source is again too faint to correspond to a massive (> 10 M ⊙ ) evolved star, with limits on its brightness similar to those for the progenitor (see right panel in Fig. 3) . The extinction would have to be increased from the 8 http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/28/ A V ≃ 2.1 mag estimated to be present post-explosion (Botticella et al. 2009 ) to A V ∼ 3.6 − 5.8 mag in order to obscure the models shown in Fig. 3 . The transient is now marginally detectable in the HST near-IR (see the middle panel of Fig. 1) , and it is fading with a slope of 1.9 ± 0.25 mag/year between the 2 HST epochs which is less steep than the mean slope of 2.9 ± 0.2 mag/year between the late phases of the Botticella et al. (2009) H-band light curve and our first LBT observation. The decline at K-band between the last two LBT epochs is very rapid, approximately 6 ± 1 mag/year and is significantly steeper than the mean slope of 2.3 ± 0.1 mag/year between the Botticella et al. (2009) and LBT light curves. The SED is rising to the red with H − K > 2.2 mag 800 days after explosion. If we extrapolate the H-band flux from December 2009 to March 2010 (which is the last K-band data point) by connecting the last LBT and first HST detections, we estimate H ≃ 21.9 mag and thus H − K ≃ 2.7 mag, which is significantly redder than the H − K ≃ 1.4 mag color in the late phases of Botticella et al. (2009) .
We can roughly estimate a temperature and luminosity for the March 2010 epoch. Fitting a blackbody to the measured K-band flux and the extrapolated H-band estimate (21.9 mag), we get a temperature of 700 K and a luminosity of 280000 L ⊙ . When we estimate a temperature and luminosity for the last epoch of SST observations (December 2010) we get T = 640 K and L = 200000 L ⊙ . In the DUSTY (Ivezić & Elitzur 1997 ) models of these data by Kochanek (2011) , the estimated luminosity at this epoch is log L/L ⊙ = 5.6±0.6. Even with the further fading between March and December 2010, the source luminosity is still much higher than the estimated luminosity L ≃ 40000 L ⊙ of the progenitor star Botticella et al. 2009; Wesson et al. 2010) . The source has faded by another 1.25 mag in the H-band between December 2010 and August 2011 and by now is probably undetectable in the near-IR. Future warm Spitzer observations will allow us to follow the mid-IR evolution of the light curve, but without cold Spitzer data the SED will be hard to constrain. Fig. 4 shows near-IR H/J − H color magnitude diagrams (CMD) for both a large (2.3×2.0 arcmin) and a small 4.
′′ 1 (100 pc) radius region around the source (this smaller region is shown in Fig. 1 ). These assume a distance of 5.6 Mpc, following , and are corrected for E(B − V) = 0.342 mag of foreground Galactic extinction (Schlegel et al. 1998) . To construct the CMDs we combined the 2010 and 2011 HST epochs for each band and then used DOLPHOT to perform photometry on the combined images. The resulting photometric catalogs contained 82,000 sources. Following Dalcanton et al. (2011) , we then required the signal-tonoise ratio in both filters to be greater than 4 for a detection, and a sharpness parameter sharpness 2 < 0.1 to exclude nonstellar sources from the catalog, which left 67,000 sources. The resulting CMD is dominated by old ( 1 Gyr) stellar populations (see Fig. 10 from Dalcanton et al. (2011) ). The red giant branch (RGB) is visible at F110W − F160W ∼ 1.0, but the red clump (RC), usually found 3 − 4 magnitudes below the tip of the RGB (at M H ≃ −6), is too faint to be resolved in our data, mainly because of the high crowding. The location of SN 2008S is marked with a circle for the 2010 epoch and with a square for the 2011 epoch. It is very faint and red compared to other stars in the field.
When we examine the CMD of the stars within a 4. ′′ 1 (100 pc) radius of SN 2008S in the middle panel of Fig. 4 , we see very few luminous stars. The superposed Padova (Marigo et al. 2008 ) isochrones for 10 7 , 10 7.3 , 10 7.5 and 10 8 years have ZAMS masses corresponding to their end points of 19, 13, 9 and 5M ⊙ , respectively. Unless the local extinction is high, as indicated by the arrow corresponding to the effect of A V = 3 of additional extinction, the region lacks the population of young stars that should be associated with a high mass (M > ∼ 10M ⊙ ) progenitor for SN 2008S, but does show evidence for a population with M ≃ 10M ⊙ . For contrast, the right panel of Fig. 4 shows the CMD for a 4.
′′ 1 (100 pc) radius region around the Type IIP SN 2002hh (Pozzo et al. 2006 ). Here we see a population of massive stars extending up to the 10 7 yrs isochrone, corresponding to a maximum mass of 19M ⊙ , which is wellmatched to the upper mass limit of M < 18M ⊙ for the progenitor of SN 2002hh by Smartt et al. (2009). 3. DISCUSSION Thompson et al. (2009) proposed that SN 2008S and the NGC 300 transient were the archetypes of a new class of transients potentially including the M85 OT-1 transient (Kulkarni et al. 2007; Pastorello et al. 2007 ), SN 1999bw (Li et al. 2002 and references therein) , and now PTF10fqs (Kasliwal et al. 2010) . The initial defining characteristics were (1) a dust-enshrouded progenitor without optical counterpart and mid-IR magnitudes that places them at the tip of the AGB sequence in a mid-IR CMD, and (2) a low-luminosity transient (−13 M V −15) with narrow lines in emission in the spectra (v 3000 km/s), and signs of a circumstellar dust excess at near-IR and mid-IR wavelengths. Examinations of the dust properties Wesson et al. 2010 ) suggest (3) that the dust is carbonaceous rather than the silicate dust seen in massive stars.
Here we add (4) that the progenitor either does not survive or must return to its dust enshrouded state. As the right panel of Fig. 3 shows, the LBT data already rule out the presence of a massive, evolved star unless it has reconstituted an optically thick, dusty envelope. The present optical limits are somewhat stronger than those for the progenitor, and the near-IR detections already rule out RSGs more massive than 10 M ⊙ unless more heavily obscured. The total luminosity is still much higher than that of the progenitor and emerges mainly in the mid-IR, but it is also slowly fading. Prieto et al. (2010) and Ohsawa et al. (2010) find that the NGC 300 transient has also vanished in the optical but remains bright in the mid-IR.
In the Kochanek (2011) scenario, the shock powering the present luminosity should eventually destroy the dust, and we will be able to observe the direct emission from the shock and any surviving star. This will likely require, however, monitoring these sources for almost a decade. These observations, and the similar data for the NGC 300 transient, demonstrate, however, that it is impossible to understand these transients based only on optical observations -understanding their evolution, luminosities, and energetics requires mid-IR observations.
The observational properties of the progenitors are broadly consistent with being massive (M ≃ 10M ⊙ ) AGB stars. The one significant counterargument has been the observation by Gogarten et al. (2009) that the stellar populations near the NGC 300 transient are consistent with a progenitor mass as high as ∼ 20M ⊙ . This approach technically only yields an upper bound on the mass -allowing, but not requiring, the NGC 300 progenitor to be significantly more massive than any AGB star. For the neighborhood of SN 2008S, we see no evidence for a population of stars significantly more massive than ∼ 10M ⊙ unless there is an enormous amount of (uniform) local extinction. This is based, however, on a near-IR CMD in which it is difficult to constrain extinctions and temperatures. Adding optical observations would make it clear whether there is any possibility of younger more massive stars in the region. versities for Research in Astronomy, Inc., under NASA contract NAS5-26555.
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